Abstract. Sliding on faults in much of the continental crust likely occurs at hydrothermal conditions, i.e., at elevated temperature and elevated pressure of aqueous pore fluids, yet there have been few relevant laboratory studies. To measure the strength, sliding behavior, and friction constitutive properties of faults at hydrothermal conditions, we slid laboratory granite faults containing a layer of granite powder (simulated gouge). Velocity stepping experiments were performed at temperatures of 23 ø to 600øC, pore fluid pressures PH•O of 0 ("dry") and ! 00 MPa ("wet"), effec- and depends only modestly on temperature, slip rate, and PHg•O-The second regime includes wet granite above -350øC. In this regime friction decreases consfderably with increasing temperature (temperature weakening) and with decreasing slip rate (velocity strengthening). These regimes correspond well to those identified in sliding tests on ultrafine quartz. We infer that one or more fluid-assisted deformation mechanisms are activated in the second, hydrothermal, regime and operate concurrently with cataclastic flow. Slip in the first (cool and/or dry) regime is characterized by pervasive shearing and particle size reduction. Slip in the second (hot and wet) regime is localized primarily onto narrow shear bands adjacent to the gouge-rock interfaces. Weakness of these boundary shears may result either from an abundance of phyllosilicates preferentially aligned for easy dislocation glide, or from a dependence of strength on gouge particle size. Major features of the granite data set can be fit reasonably well by a rate-and temperature-dependent, three-regime friction constitutive model (Chester, this issue). We extrapolate the experimental data and model fit in order to estimate steady state shear strengt h versus depth along natural, slipping faults for sliding rates as low as 31 mm/yr. We do this for two end-member cases. In the first case, pore pressure is assumed hydrostatic at all depths. Shallow crustal strength in this case is similar to that calculated in previous work from room temperature friction data, while at depths below about 9-!3 km (depending on slip rate), strength becomes less sensitive to depth but sensitive to slip rate. In the second case, pore pressure is assumed to be near-lithostatic at depths below -5 km. Strength is low at all depths in this case (<20 MPa, in agreement with observations of "weak" faults such as the San Andreas). The predicted depth of transition from velocity weakening to velocity strengthening lies at about 13 km depth for a slip rate of 31 mm/yr, in rough agreement with the seismic-aseismic transition depth observed on mature continental faults. These results highlight the importance of fluid-assisted deformation processes active in faults at depth and the need for laboratory studies on the roles of additional factors such as fluid chemistry, large displacements, higher concentrations of phyllosilicates, and time-dependent fault healing.
samples with a bare, inclined sawcut. At confining pressures up to 600 MPa (normal stresses up to 900 MPa), he observed unstable sliding from 25 ¸ to 300øC and stable sliding from 300 ø to 700øC. Frictional strength was insensitive to temperature up to at least 600 ø and decreased slightly at 700øC, though the data show much scatter. The friction of gabbro, quartzite and other rocks began decreasing at lower temperatures than did the friction of granite [Stesky, 1974] .
Locknet et al. [1986] (hereafter referred to as LSB) shortened granite cylinders containing an inclined sawcut separated by a thin layer of simulated gouge (granite powder). Confining pressure was 250 MPa (normal stresses 380 to 460 MPa), and temperatures ranged from 22 ø to 845øC. They observed stable sliding in nearly all tests; exceptions were oscillatory slip at 200 ø and isolated stick-slip events associated with imposed steps in slip rate at 130 ø and 273øC. Friction generally increased with temperature over the entire range measured. LSB suspected this positive temperature dependence to be an artifact of the measurement procedure, a point we will discuss in more detail later.
Both Stesky [ 1975 Stesky [ , 1978a and LSB measured the velocity de. pendence of friction by imposing step changes in the remote loading rate while holding temperature fixed. In stable-sliding tests (i.e., the only type of tests in which velocity dependence could be measured) both reported a small, positive velocity de. pendence (velocity strengthening), roughly from 0 to 2% change in friction per decade change in slip velocity. Tse and Rice [1986] have interpreted stick-slip in Stesky 
Higgs [1981 ] sheared layers of ultrafine quartz powder in tri-
axial sawcut tests at 150 MPa effective pressure. Constant slip rate and slide-hold-slide (stress relaxation) tests were done at 25 ø , 300 ø, 450 ø, and 600øC, at pore water pressures of 0 and 100 MPa, and at constant sliding rates of 4.65 Ixrn/s (dry) and 0.465 gm/s (wet). The friction coefficient at constant slip rate showed only minor variations with either temperature or pore pressure. However, tests with !00 MPa pore H20 pressure and temperatures > 300 ø showed substantial weakening during relaxations to shear strain rates --10 -3 to 10 -6 s -1 (slip rates --0.2 to 0.0002 I. tm/s), while dry tests, and all tests at 23 ø, did not show this weakening. Veins, porosity reduction and other evidence for solution transport deformation were seen in samples from the former, but not the latter, tests. Chester and Higgs [1992] inferred that slip in Higgs' tests at 300 ø and 450øC at moderate slip rates involved both cataclastic flow and solution transport creep, while those at 600øC and low slip rates involved creep alone.
Previous studies have not directly measured strength and velocity dependence at hydrothermal conditions. Therefore we have performed a suite of sheafing experiments on laboratory "faults" in granite over a wide range of conditions in order to examine the effects of temperature, H20 fluid pressure, and slip rate on shear strength and the stability of sliding (steady slip versus stick-slip). The principal suite of experiments was performed with pore H20 pressure, PH20 -' 100 MPa ("wet") and temperatures up to 600øC. 
Experimental Methods
The sliding experiments reported in the present paper (Table  1) were conducted in a triaxial apparatus using argon gas as a confining medium. See LSB and Blanpied eta!. [199!] for addi- b Interval between reaching peak T and initiating axial loading.
c "Through" holes intersected the sliding surface; "blind" holes ended -3 mm from it.
d Cu jackets used in these experiments were not annealed.
e Experiment was stopped before rupture of the copper jacket.
f Pore pressure was stepped between 0 and 100 MPa after 2.1 mm axial displacement.
tional details on the apparatus and methods. Our tests were designed to be similar to those on dried granite gouge by LSB. Cylinders (19 mm diameter x .-38 mm long) of Westerly granite ( Figure 1 ) contained a sawcut surface cut at 30 ø to the loading axis. Sawcut surfaces were ground flat, then roughened slightly by grinding on a glass plate with number 240 SiC powder and water. The sawcut contained a layer of simulated fault gouge (granite powder, particle sizes < 90 gm, initial thickness 0.58 mm). Samples were jacketed against confining pressure with thin sleeves of Cu (0.25 mm or 0.38 mm thick). Copper jackets were annealed before use in all but three cases (Table 1) . In most experiments a blind hole in the upper sample half and in the upper assembly pieces allowed access for pore water and for a thermocouple used to control temperature. In a few experiments this hole was extended to intersect the sliding surface and filled with coarse quartz sand to prevent the loss of gouge from the surface. Temperature was measured within the upper bore hole. Temperatures quoted in this paper refer to the peak temperature in the sample. Because of the design of the single-zone resistance furnace, temperatures at the upper and lower end of the sawcut were down approximately !5% and 8%, respectively, from the peak temperature, which was located near the center.
Temperatures were generally held constant to within 2øC or better during sliding.
At the start of each test, Pe was raised to 400 MPa. A vacuum was drawn on the pore pressure system and sample, then distilled water was introduced into the evacuated system and raised to the run pressure of 100 MPa. We rely on flow of water under pressure to saturate the granite sample. Both Pc and PH20 were held constant by servo control. Temperature was raised at a rate of approximately 10øC/min to the run value, then held constant for >1 hour (exact time given in Table 1 The sample, along with spacers of alumina and tungsten carbide, are contained within a thin, copper jacket which is silver-soldered at the lower end. An axial hole provides access for pore fluid and for a thermocouple used in the temperature control servosystem. The entire jacketed assembly rests inside a resistance furnace. Space between the sample assembly and furnace wall is loosely packed with boron nitride powder and silica wool to hinder convection of the confining pressure gas but to allow the lower half of the assembly to shift sideways. The lower end of the assembly is capped by a steel disk; a thin sheet of lubricated Teflon allows the interface between the disk and the steel piston to slide easily.
ended with rupture of the jacket after two to five velocity steps, at an axial displacement of 2.6 to 4.1 mm and a total slip on the sawcut of 1.8 to 3.1 mm.
A total of about 30 experiments were performed at temperatures ranging from 23 ø to 600øC (Table 1) 
Experimental Results

Sample Observations
Examination of the samples with a hand lens showed that the gouge layers, which began as a loose powder, became compacted and indurated to varying degrees at all conditions tested. At lower temperatures (<400øC) the gouge retained its light gray color and separated easily from the granite surfaces, which appeared nearly undisturbed. Coherent flakes of compacted gouge could be removed from the sliding surfaces without crumbling. These flakes could easily be broken apart on planes shallowly dipping in the direction of sliding. These planes correspond to the R-1 orientation Samples preheated at high temperature and long times showed an initial peak strength. For example, gouge-filled samples deformed at 600øC showed a initial peak (Figure 8 , runs HWGGS, HWGG42), although the initially bare sample did not (HWGG39). (While the self-sealed sample, HWGG40, also showed an initial peak, the effective stress at the time the peak was reached is unknown.) Note also that the sample preheated at 450 ø for 25 hours showed a small peak not seen in the standard run at that temperature (Figure 9 ). We infer that the gouge layer becomes lithified during the preheating interval, most likely from time-dependent compaction of the gouge, or from asperity welding through sintering. For example, Lockner and Evans [this issue] showed that quartz powder compressed at hydrothermal conditions undergoes initially rapid compaction followed by compaction at a reduced rate. Our observations of time-dependent strengthening are consistent with those of Fredrich and Evans [1992] , who preheated samples containing a layer of simulated quartz gouge at 600øC, then measured sliding resistance at a reduced temperature. Samples preheated with pore water pressure showed a high initial strength, whereas those preheated dry, and those not preheated at all, showed no initial peak. No difference in strength was found between samples held at 600øC for 1 min versus 2 hours. Similarly, our samples showed little difference in peak strength for preheat times of 
Interpretation of Observations Deformation Micromechanisms in Gouge
The results from our sliding tests on granite demonstrate that frictional strength depends in a complicated manner on several factors: temperature, slip rate, and pore pressure. The mechanical data suggest that sliding behavior can be divided into at least two regimes. The first regime includes dry granite up to at least 845 ø and wet granite below 250øC. In this regime, samples strain harden, friction is high (0.7 to 0.8), friction depends only modestly on temperature, slip rate, and PH20, and the transient re- Alternatively, the boundary shear could be weak because its particle size is small. Rapid reduction in gouge particle size is most efficient for feldspar [ Yund et al., 1990] and is most pronounced near the gouge-rock interface [Dieterich, 1981; Marone and Scholz, 1989 ]. Thus, deformation near the gouge-rock interface will be favored if strength is sensitive to particle size [see Evans and Wong, 1985] . Several deformation processes mentioned above fall into this category: solution transport creep, incongruent pressure solution, and retrograde reaction of feldspars to weaker products. Continued slip near the interface further widens the contrast in particle size compared to the surrounding gouge, and slip will remain localized so long as strength remains below that of the coarser-grained remainder of the gouge.
A possible strategy to distinguish between these two hypotheses would be to perform hydrothermal sliding tests on powders containing quartz and feldspar but lacking micas. Ultrafine quartz powder deforms homogeneously in the hydrothermal regime without the formation of boundary shears [Higgs, 1981 ] . This contrast to granite gouge may result from the lack of mica, the lack of feldspars to undergo mineral reactions, or the. initially fine particle size, which may have prevented the gouge from developing a sufficiently large contrast in particle size to overcome the tendency for homogeneous deformation.
Rheological Model
To allow prediction of frictional strength at conditions of slip rate and temperature outside those encompassed by our suite of experiments, we fit our measurements of steady state friction with a rate-and temperature-dependent constitufive law proposed by Chester [1988 Chester [ , 1994 
The parameter a scales the "direct effect" (an instantaneous dependence of friction on slip rate), while parameter b scales the "evolution effect" (the evolution of friction toward a steady state value appropriate for a given slip rate). Qa and Qb are apparent and fitted constitutive law to natural faults. First, we define a correspondence between the experimental temperature and depth using an appropriate geotherm. Second, we define how the laboratory values of g are to be extrapolated to the natural setting at those depths. Third, we assign conditions of normal stress and pore pressure in order to calculate shear strength from (1). We examine two cases: the first for hydrostatic fluid pressure throughout the crust, the second for superhydrostatic fluid pressure which is elevated to near lithostatic at depth. It is readily apparent that the first case will predict high fault strength at seismogenic depths, as our measurements agree well with Byerlee's law to temperatures as high as •-350øC. Thus the data do not support the hypothesis that "weak" faulting derives from a low coefficient of friction in the absence of locally elevated fluid pressure (see Hickman [1991] for a discussion of weak fault models.)
One additional consideration is the method for extrapolating from laboratory to natural deformation rates. The laboratory data are described in terms of slip rate. If slip is localized onto a surface both in the laboratory and in the field, then it is probably appropriate to extrapolate in terms of slip rate rather than strain rate [cf. Chester, this issue]. Evidence of localized slip in the hydrothermal regime supports this approach for the granite data, and it is the one we follow below. The lowest slip rate studied here, 0.01 I. trn/s = 315 mm/yr, is only about 10 times faster than the time-averaged slip rate of the San Andreas fault. Therefore the extrapolation in slip rate from the lab to nature may be done with some confidence. However, if shearing is de!ocalized, then it is more appropriate to extrapolate in terms of shear strain rate rather than slip rate. For quartz gouge this appears to be the case [Higgs, 1981] . This requires the width of both the experimental and natural shear zones to be known [Chester, this issue], and the required extrapolations may be to strain rates several orders of magnitude beyond the range of the data set.
We use temperature to assign a correspondence between the experimental conditions and crustal depth. We employ two ing on the San Andreas generates no heat (weak fault model), an assumption supported by the lack of a well-defined heat flow peak over the fault and the observation that the maximum horizontal stress is at high angles to the fault [see Hickman, 1991] . In the latter case the broad region of generally elevated heat flow in the coast ranges is assumed to result from horizontally dispersed high temperatures in the deep crust, and the geothermal gradient is fairly uniform, about 30øC/kin, to 23 km depth. These two geotherms correspond approximately (and in spirit) to the models, A and B, respectively, of Lachenbruch and Sass [1973] . Consider first the case for a strong fault, specifiC:ally, a fault deforming by frictional sliding with a pore pressure equal to the hydrostatic gradient. Using geotherm "A", 600øC (the highest temperature tested in our gouge experiments) corresponds to a depth of 28.5 km (Figure 12a) . The coefficient of friction shows a maximum at a depth that depends on the rate of sliding ( Figure   13a ). This peak marks a transition from velocity weakening and temperature strengthening at shallower depths to velocity strengthening and temperature weakening at greater depths. , 1980, 1992] .
In both of these cases, the transition depth from velocity weakening to velocity strengthening (i.e., the inflection points in Figures 13a and 13c ) at low slip rates is predicted to depend strongly on slip rate. This discrepancy between model and observation would appear to cast doubts on the applicability of the granite velocity dependence data to faulting behavior at depth. However, several comments are warranted. First, note that the transition depth in the theological model is a strongly increasing function of slip rate (Figure 13 ). Therefore it is conceivable that accelerating slip near the base of the seismogenic zone could lower the transition depth sufficiently to allow unstable slip at greater depths while remaining in agreement with the granite data. The model of Li and Rice [1987] , for example, predicts accelerating slip due to asthenospheric loading between great earthquakes. Second, the effective stress assumed in Figure 13d lies far below that in our experiments. It is possible that the velocity dependence of friction is different at low effective stress; data are not currently available to evaluate this possibility. Third, and perhaps most important, the rheo!ogical model (Figures 11-13 ) is constructed from laboratory measurements for "steady state" sliding. The strength of a stationary fault may differ considerably from the model. The peak strength, that resisting the initiation of slip on the fault, may increase with time due to asperity welding, crack healing, or compaction creep, as seen in the quartz powder experiments of Fredrich and Evans [1992] discussed above, and in our experiments subjected to long preheat times at high temperature ( Figure  8 ). Conversely, strength of an undrained fault may decrease with time due to time-dependent compaction which raises pore fluid pressure, as seen in the self-sealed tests described by Blanpied et al. [1992] . Sleep and Blanpied [1992, 1994] It is tempting to invoke fluid-assisted deformation mechanisms to explain the apparently low strength of some major faults such as the San Andreas. However, one must note that fault slip accommodated by a mechanism such as solution precipitation creep implies a large and positive dependence of strength on shearing rate (velocity strengthening), and stick-slip sliding may be precluded. It would therefore appear difficult to invoke these mechaaisms to weaken the seismogenic portions of faults. it is possible, however, that inhomogeneity of rock type or gouge particle size over the fault plane allows a portion of the fault to creep at low stress, thereby transferring load to locked fault patches that act as seismic sources. Alternatively, the hydrothermal regime identified in the granite data may correspond to a theological layer of fault creep at depths below the seismic-aseismic transition. Shearing in this aseismic layer may occur at low shear stress, even at strain rates too high to allow dislocation creep to be the dominant deformation mechanism. To combine the three regimes, we follow the assumptions of Chester [this issue]: First, the deformation processes active in regimes 1 and 2 operate in a series-sequential fashion, such that the process giving rise to the highest resistance is dominant. Second, the deformation processes active in regimes 2 and 3 operate in a parallel-concurrent fashion, such that the process giving rise to the lowest resistance dominates. The behavior of the threeregime model is poorly defined at the temperature/slip rate conditions at which the three regimes meet, so we simply represent the overall behavior as that of the dominant p•rocess (heavy lines in Figure 11 ).
Features of the data set well-represented by the three-regime fit include the overall level of friction, the slight increase of friction with temperature up to -300 ø and more pronounced decrease above ~350øC, and the velocity dependence of strength at the highest temperatures (Figure 1 l a) friction for granite is almost 3 times that for quartz. The temperature of the boundary between regimes 2 and 3 differs markedly at. both slip rates. We consider the correspondence between the two models to be close, given that the model for quartz is based or relatively few experimental data and that we lack direct determinations of Qa and Qb for either rock type. Therefore a law capable of fully representing the granite behavior would require additional complexity in the hydrothermal regime. It is clear that as additional data on hydrothermal friction becomes available, we can look forward to further developments in temperature-dependent friction constitutive relations.
